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PediatricsSensory processing disorders (SPD) affect 5–16% of school-aged children and can cause long-term deﬁcits in
intellectual and social development. Current theories of SPD implicate primary sensory cortical areas and
higher-order multisensory integration (MSI) cortical regions. We investigate the role of white matter micro-
structural abnormalities in SPD using diffusion tensor imaging (DTI). DTI was acquired in 16 boys, 8–11 years
old, with SPD and 24 age-, gender-, handedness- and IQ-matched neurotypical controls. Behavior was char-
acterized using a parent report sensory behavior measure, the Sensory Proﬁle. Fractional anisotropy (FA),
mean diffusivity (MD) and radial diffusivity (RD) were calculated. Tract-based spatial statistics were used
to detect signiﬁcant group differences in white matter integrity and to determine if microstructural parame-
ters were signiﬁcantly correlated with behavioral measures. Signiﬁcant decreases in FA and increases in MD
and RD were found in the SPD cohort compared to controls, primarily involving posterior white matter in-
cluding the posterior corpus callosum, posterior corona radiata and posterior thalamic radiations. Strong pos-
itive correlations were observed between FA of these posterior tracts and auditory, multisensory, and
inattention scores (r = 0.51–0.78; p b 0.001) with strong negative correlations between RD and multisenso-
ry and inattention scores (r = − 0.61–0.71; p b 0.001). To our knowledge, this is the ﬁrst study to demon-
strate reduced white matter microstructural integrity in children with SPD. We ﬁnd that the disrupted white
matter microstructure predominantly involves posterior cerebral tracts and correlates strongly with atypical
unimodal and multisensory integration behavior. These ﬁndings suggest abnormal white matter as a biolog-
ical basis for SPD and may also distinguish SPD from overlapping clinical conditions such as autism and atten-
tion deﬁcit hyperactivity disorder.
© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
Sensory processing disorders (SPD) affect 5–16% of children and can
cause long-term impairment of intellectual and social development
from disrupted processing and integration of high-bandwidth informa-
tion frommultiple sensory modalities simultaneously (Ahn et al., 2004;
Ben-Sasson et al., 2009a; Brett-Green et al., 2008; Bundy et al., 2007).ctional Imaging, Department of
, San Francisco, UCSF Box 0946,
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herjee).
nc. Open access under CC BY-NC-ND liThere is co-morbidity with attention deﬁcit hyperactivity disorder
(ADHD), autism and other psychopathology, but SPD often exists in iso-
lation (Ahn et al., 2004; Ben-Sasson et al., 2009b; Leekam et al., 2007;
Van Hulle et al., 2012). Sensory dysregulation is also prevalent in chil-
dren born prematurely and those with fragile X syndrome (Baranek et
al., 2008; Goldsmith et al., 2006; Wickremasinghe et al., 2013). While
there have been many prior investigations of the biological basis of
ADHD, autism, prematurity, and even less common diseases such as
fragile X, the neural substrates of SPD remain poorly understood.
Current hypotheses regarding the underlying basis of SPD implicate
both primary sensory cortical areas and higher-order cortical regions
subserving multimodal sensory integration (MSI). Speciﬁcally, the pos-
terior parietal cortex and superior temporal sulcus are involved in
auditory–tactile integration, whereas dorsolateral prefrontal cortex
helps mediate attentional control (Brett-Green et al., 2008; Chait et al.,
2010). Prior studies of SPD have focused on neurophysiological
methods such as electroencephalography to deﬁne the neural originscense.
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the role of white matter in SPD has not, to our knowledge, been previ-
ously investigated.
Microstructural characteristics of white matter tracts, such as axo-
nal diameter, ﬁber density and myelination are crucial for determin-
ing the speed and bandwidth of information transmission in the
human brain. Microstructural abnormalities of ﬁbers in primary sen-
sory tracts and/or in tracts connecting multimodal association areas
may result in loss of the precise timing of action potential propaga-
tion needed to accomplish accurate sensory processing and MSI. The
advent of diffusion tensor imaging (DTI) has enabled the noninvasive
evaluation of white matter microstructure (Basser et al., 1994; Mori
et al., 1999; Mukherjee et al., 2008).
Fractional anisotropy (FA) values fromDTI represent the orientation-
dependent variation of water diffusivity and reﬂect microstructural
properties such as axon diameter, degree of myelination, ﬁber packing
density and ﬁber collimation (Beaulieu, 2002; Mukherjee et al., 2008).
Mean diffusivity (MD) is the rate of diffusion averaged over all
orientations. Axial diffusivity (AD) is the rate of diffusion along the orien-
tation of white matter ﬁbers within a tract, whereas radial diffusivity
(RD) is the rate of diffusion orthogonal to the ﬁber orientation. Normal
white matter maturation during childhood produces increasing FA, de-
creasing MD and decreasing RD, with relatively smaller changes in AD
(Mukherjee and McKinstry, 2006; Mukherjee et al., 2001, 2002;
Yoshida et al., 2013). Conversely, white matter pathology typically
causes decreased FA, elevated MD and elevated RD, collectively referred
to as reduced “microstructural integrity”.
We hypothesize that, compared to typically developing children
(TDC), children with SPD will have reduced white matter microstruc-
tural integrity, particularly not only in primary sensory projection path-
ways, but also in association pathways and commissural connections
which facilitate higher-order sensory processing andMSI. Furthermore,
we hypothesize that DTImetrics of whitemattermicrostructure such as
FA will correlate with behavioral measures of sensory processing func-
tion and MSI in both the SPD and TDC groups.
2. Methods
2.1. Demographic, sensory, cognitive and behavioral data
2.1.1. General demographics and sensory, cognitive and behavioral
assessment
Sixteen right-handed males with SPD and 24 right-handed male
TDCs, all between 8 and 11 years of age, were prospectively enrolled
under our institutional review board approved protocol. Subjects were
recruited from the Autism & Neurodevelopment Program and from
local online parent board listings. Informed consent was obtained
from the parents or legal guardians, with the assent of all participants.
All subjects were assessed with theWechsler Intelligence Scale for
Children-Fourth Edition (Wechsler, 2003) and the Sensory Proﬁle
(Dunn and Westman, 1997). The Sensory Proﬁle is a parent report
questionnaire which measures behavioral sensory differences, yield-
ing scores within individual sensory domains and factors and a total
score. A probable difference in sensory behavior is deﬁned as a total
score from 142 to 154, while a deﬁnite difference corresponds to a
total score of ≤141. We used the auditory, visual, tactile, multisenso-
ry and inattention scores to explore behavioral correlations.
2.1.2. Autistic spectrum disorder (ASD)
Three of the boyswith SPD, but none of the typically developing chil-
dren, had abnormally high scores on the social communication ques-
tionnaire (SCQ), a parent report screening test for ASD (Eaves et al.,
2006). The parents of these three subjects were further administered
the full Autism Diagnostic Inventory-Revised (ADIR) (Lord et al., 1994)
and the three children themselves were tested with the Autism Diag-
nostic Observation Schedule (ADOS) (Lord et al., 1989). One of theboys scored in the range of ASD on the ADOS and another was found
to be in the ASD range on the ADIR, but none met the criteria for ASD
on both exams. Evaluation of these three subjects by Dr. Marco, a child
neurologist experienced in autism, was also not consistent with an
ASD diagnosis.
2.1.3. Attention deﬁcits
On the inattention measure of the Sensory Proﬁle, eleven of the 16
SPD subjects scored in the deﬁnite difference range, four in the prob-
able difference range, and one in the typical range. Of the 24 typically
developing children, none scored in the deﬁnite difference range, four
in the probable difference range, and twenty in the typical range.
2.1.4. Prematurity
Three of 16 SPD boys were born prematurely, one at 32 weeks
gestation and two at 34 weeks gestation. One of the 24 typically de-
veloping children was born prematurely, at 33 weeks gestation.
These four subjects were found to be in the middle of the distribution
for global FA and mean FA extracted from clusters of signiﬁcantly af-
fected voxels (described below) for their respective groups; hence,
they did not represent outliers.
2.2. Image acquisition
MR imaging was performed on a 3 T Tim Trio scanner (Siemens,
Erlangen, Germany) using a 12-channel head coil. Structural MR im-
aging of the brain was performed with an axial 3D magnetization
prepared rapid acquisition gradient-echo T1-weighted sequence
(TE = 2.98 ms, TR = 2300 ms, TI = 900 ms, ﬂip angle of 9°) with
a 256 mm ﬁeld of view (FOV), and 160 1.0 mm contiguous partitions
at a 256 × 256 matrix. Whole-brain DTI was performed with a
multislice 2D single-shot twice-refocused spin-echo echo-planar se-
quence with 64 diffusion-encoding directions, diffusion-weighting
strength of b = 2000 s/mm2, iPAT reduction factor of 2, TE/TR =
109/8000 ms, NEX = 1, interleaved 2.2 mm axial slices with no
gap, and in-plane resolution of 2.2 × 2.2 mm with a 100 × 100 ma-
trix and FOV of 220 mm. An additional image volume was acquired
with no diffusion weighting (b = 0 s/mm2). The total DTI acquisi-
tion time was 8.67 min.
2.3. DTI analysis
2.3.1. Pre-processing
The diffusion-weighted images were corrected for motion and eddy
currents using FMRIB's Linear Image Registration Tool (FLIRT; www.
fmrib.ox.ac.uk/fsl/ﬂirt) with 12-parameter linear image registration
(Jenkinson et al., 2002). All diffusion-weighted volumeswere registered
to the reference b = 0 s/mm2 volume. To evaluate subject movement,
we calculated a scalar parameter quantifying the transformation of
each diffusion volume to the reference. A heteroscedastic two-sample
Student's t-test veriﬁed that there were no signiﬁcant differences be-
tween SPD and TDC groups in movement during the DTI scan
(p N 0.05). The non-brain tissue was removed using the Brain Extrac-
tion Tool (BET; http://www.fmrib.ox.ac.uk/analysis/research/bet). FA,
MD, AD and RD were calculated using FSL's DTIFIT.
2.3.2. Tract-based spatial statistics
Using Tract-Based Spatial Statistics (TBSS) in FSL (Smith et al., 2006),
FA maps from all 40 boys were aligned to the FA map of the “most rep-
resentative subject”. This procedure is recommended for children be-
cause the standard FA template is derived from adults. Once all
subjects were registered, the FA maps were thinned using FA N 0.2 to
create a skeleton of the white matter. Then, skeletonized MD, AD, and
RD maps were created. Two contrasts for each DTI parameter were
used to assess for group differences with nonparametric permutation
testing via the "randomise" function in FSL: SPD N TDC and TDC N SPD.
Table 1
Demographic information and sensory proﬁle subscores.
Sensory score TDC
(mean ± std dev)
SPD
(mean ± std dev)
p-Value
Age (years) 9.9 ± 1.0 9.7 ± 1.3 P = 0.65
FSIQ 115 ± 9 113 ± 10 P = 0.63
VIQ 119 ± 12 117 ± 13 P = 0.66
PIQ 114 ± 13 116 ± 12 P = 0.63
SCQ 2.2 ± 2.1 9.6 ± 7.2 P b 0.001
Auditory 33.5 ± 3.5 22.7 ± 4.9 p b 0.00001
Tactile 83.3 ± 5.7 62.9 ± 8.8 p b 0.00001
Visual 41.0 ± 3.0 32.3 ± 7.1 p b 0.00001
Multisensory 31.3 ± 3.0 22.4 ± 4.8 p b 0.00001
Inattention 28.6 ± 3.5 17.8 ± 5.3 p b 0.00001
FSIQ — full scale intelligence quotient.
PIQ — performance intelligence quotient.
SCQ — social communication questionnaire.
SPD — sensory processing disorders.
TDC — typically developing children.
VIQ — verbal intelligence quotient.
846 J.P. Owen et al. / NeuroImage: Clinical 2 (2013) 844–853The resulting group difference maps for each comparison were
corrected for multiple comparisons over the 3D image volume with
threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009),
using a signiﬁcance threshold of p b 0.05. It is important to note that,
in TFCE, the cluster, and not the individual voxel, is the ultimate object
of statistical inference and therefore every voxel in the cluster has exact-
ly the same level of statistical signiﬁcance in the ﬁnal results.
The anatomic locations of white matter regions corresponding to
statistically signiﬁcant clusters of voxels were determined from the
Johns Hopkins University (JHU) ICBM-DTI-81 White-Matter Labeled
Atlas and the JHU White-Matter Tractography Atlas, both are available
for MNI152 space in FSL (Mori et al., 2005, 2008). All white matter re-
gion identiﬁcations were veriﬁed by Dr. Mukherjee, a board-certiﬁed
pediatric neuroradiologist with over 15 years of experience in clinical
and research applications of DTI.
2.3.3. Correlation of DTI with sensory processing measures
The auditory, tactile, visual, multisensory, and inattention scores
for TDC and SPD subjects were mean-centered across all subjects.
The DTI parameters were also demeaned. Two contrasts were used
for each pair of cognitive variable and DTI parameter to test for corre-
lation and anti-correlation at the cluster level. As with the group dif-
ference analysis, the maps for each contrast were corrected for
multiple comparisons with TFCE and thresholded for signiﬁcance at
p b 0.05. For the maps with statistically signiﬁcant clusters of voxels,
we extracted the largest 3 or 4 clusters from the thresholded image
and calculated the mean across voxels of each DTI parameter in
each cluster. Then we computed the Pearson's correlation coefﬁcient
and associated p-value for the mean DTI parameter in the cluster ver-
sus the sensory variable.
2.4. Morphometric image analysis
The 3D T1-weighted image volume for each subject was automat-
ically segmented using FreeSurfer 5.1.0 (Fischl, 2012). The right and
left cerebral hemisphere white matter and gray matter volumes,
and supratentorial and intracranial volumes, were computed. A
heteroscedastic two-sample Student's t-test was performed for each
of these volumes to evaluate for group differences between TDC and
SPD.
3. Results
3.1. Assessment of sensory, cognitive and behavioral functioning
There were no signiﬁcant differences between SPD and TDC
groups in age or IQ (Table 1). Four SPD subjects displayed probable
difference according to the total score of the Sensory Proﬁle, while
twelve showed deﬁnite difference. All four SPD boys in the probable
difference range had auditory scores in the deﬁnite difference range.
All TDC subjects had total scores of ≥158, which fall in the typical
range. As expected, the SPD group was worse than the TDC group
on all Sensory Proﬁle measures (Table 1). Principal component anal-
ysis demonstrated that these Sensory Proﬁle measures were highly
correlated. The ﬁrst principal component accounted for 80% of the
variance in the data and received approximately equal weighting
from all ﬁve measures (Fig. 1). The SPD group also showed signiﬁ-
cantly greater deﬁcits than controls on the social communication
questionnaire (SCQ in Table 1); however, none of the SPD partici-
pants met the diagnostic criteria for autism.
3.2. MRI structural and morphometric analysis
Structural brain MR imaging assessed by a board-certiﬁed pediat-
ric neuroradiologist, Dr. Mukherjee, revealed normal ﬁndings in all
participants, except for an incidental arachnoid cyst adjacent to theleft cerebellum in one SPD subject. This subject was not excluded be-
cause the cyst did not affect DTI image registration and the subject
was not an outlier for either DTI measurements or sensory, cognitive
or behavioral assessments compared to the rest of the SPD cohort.
There were no signiﬁcant group differences in global or regional
brain volumes between SPD and TDC from the FreeSurfer analysis:
left cerebral white matter (p = 0.46), right cerebral white matter
(p = 0.33), left cerebral cortical volume (p = 0.94), right cerebral
cortical volume (p = 0.82), total supratentorial volume (p = 0.57),
and total intracranial volume (p = 0.53).
3.3. Group differences: DTI parameters
Signiﬁcant differences (p b 0.05) in FA, MD, and RD were detected
between the TDC and SPD boys after correction for multiple compar-
isons (Fig. 2). There were decreases of FA in SPD subjects versus con-
trols in the posterior body and isthmus of the corpus callosum, the
left posterior thalamic radiations (PTR), left posterior corona radiata
(PCR), and the posterior aspect of the left superior longitudinal fascic-
ulus (SLF). Regions of the right PTR and right PCR also demonstrated
strong trends toward decreased FA (p b 0.055) in SPD.
White matter tracts with signiﬁcant differences in MD and RD be-
tween SPD and TDC were similar to those for FA. Increases of MD and
RD in SPD versus controls (p b 0.05) were present in bilateral PTR,
SLF and posterior corpus callosum. RD showed more extensive re-
gions of abnormal white matter in SPD than either FA or MD, with sig-
niﬁcantly reduced RD extending to the splenium of the corpus
callosum and to frontal tracts such as the left anterior thalamic radia-
tions (ATR), the left anterior corona radiata (ACR), and the left forceps
minor. There was no white matter region in which AD was signiﬁ-
cantly different between the groups.
3.4. Correlation analysis: DTI parameters versus behavioral measures
Signiﬁcant positive correlations (p b 0.05) were detected between
FA and the auditory, multisensory, and inattention scores across both
SPD and TDC groups. Signiﬁcant negative correlations were detected
between RD and the multisensory and inattention scores of both
groups. These results show that more typical behavior is associated
with higher FA and lower RD.
Three signiﬁcant clusters were extracted from correlation of FA
with the auditory score: left and right PTR and the posterior body
and isthmus of the corpus callosum (Fig. 3). For MSI, there were
three clusters where FA showed positive correlation and three clus-
ters where RD showed negative correlations (Fig. 4). Strong positive
correlations of FA with multisensory score were observed in the pos-
terior body, isthmus and splenium of the corpus callosum and in right
Fig. 1. Principal component analysis of Sensory Proﬁle scores in SPD subjects and matched controls.
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sensory score were found in the left PTR, right PCR, and left SLF.
For the inattention score, four clusters were identiﬁed where FA
exhibited positive correlation and three clusters were found where RD
exhibited negative correlations (Fig. 5). Similar to the ﬁndings with au-
ditory and multisensory scores, positive correlation of FA with inatten-
tion score was discovered in both left and right PCR and PTR, left SLF
and throughout the posterior corpus callosum. Comparable regions in
bilateral PTR and PCR were found where RD is negatively correlated
with inattention score. However, speciﬁc to the inattention score is a
cluster in the left ACR and ATR (Fig. 5E)where FA is positively correlated
and a cluster in the left SLF (Fig. 5D) where RD is negatively correlated.
After correction for multiple comparisons over the whole brain,
there were no clusters identiﬁed where AD or MD were signiﬁcantly
correlated with auditory, multisensory, or inattention scores. Al-
though no DTI correlations with visual or tactile domain scores sur-
vived multiple comparison correction, hypothesis-driven region of
interest measurements of FA do show signiﬁcant correlations with vi-
sual and tactile scores in the same regions of the left and right PTR
that are signiﬁcantly correlated with auditory scores (Fig. 6). There
is also a strong trend toward signiﬁcance in the correlation of FA
with visual and tactile scores in the same region of the posterior cor-
pus callosum that is signiﬁcantly correlated with auditory scores.4. Discussion
4.1. Abnormal white matter microstructure in sensory processing disorders
To our knowledge, this is the ﬁrst study to demonstrate abnormal
white matter microstructure in children with SPD. The strength of our
methodology is automated data-driven detection of group differences in
whitematter microstructure over the entire brain using TBSS. The results
support our a priori hypothesis that themost affected tractswould be pri-
mary sensory cerebral tracts and pathways connecting higher-order and
multimodal sensory regions where MSI takes place. Excluding olfaction,the central primary sensory projection pathways are all contained within
the PTR of both hemispheres, including the somatosensory radiations,
acoustic radiations and optic radiations. Homologous sensory cortical re-
gions of the left and right cerebral hemispheres are connected via com-
missural ﬁbers of the posterior corpus callosum, including the posterior
body, isthmus and splenium (Hofer and Frahm, 2006; Huang et al.,
2005). These posteriorly located projection and commissural tracts are
precisely where the greatest reductions in microstructural integrity
were seen in the SPD cohort relative to controls (Fig. 2). No brain volu-
metric differences were found between SPD and TDC cohorts in gray or
whitematter, indicating that the pathology is not primarily at themacro-
structural scale.
These imaging observations suggest that white matter microstruc-
ture is a biological substrate for the atypical sensory behaviors of chil-
dren with SPD and also help to establish SPD as a clinical entity
distinct from overlapping conditions such as autism spectrum disor-
ders and ADHD. ASD and ADHD have been reported to show primarily
frontotemporal patterns of abnormality on DTI (Tamm et al., 2012;
Travers et al., 2012). In ADHD, the most consistent ﬁndings have
been abnormal FA in tracts with prefrontal connectivity, including
SLF, ACR and fronto-striatal pathways (Liston et al., 2011; Tamm et
al., 2012). Reduced white matter microstructural integrity in ASD
can be widespread, but has been more commonly found in frontal
and temporal tracts (Travers et al., 2012), rather than the predomi-
nantly parietal and occipital tracts shown in our study of SPD.4.2. Correlation of white matter microstructure with atypical sensory
behaviors and inattention
Another advantage of our methodology is the use of TBSS to detect
correlations of white matter microstructure with measures of sensory
behavior, MSI and attention derived from the Sensory Proﬁle. This au-
tomated whole-brain analysis revealed signiﬁcant correlations of DTI
parameters with auditory and multisensory scores in the same poste-
rior projection and commissural tracts that were found to be
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ster our hypothesis that DTI metrics of white matter microstructure
are relevant to the atypical sensory behaviors that form the clinical
core of this disorder. R2 values derived from the correlation coefﬁ-
cients suggest that one-third to one-half of the variance in auditory
and multisensory scores can be explained by FA of the PTR, whereas
one-quarter can be explained by FA of the posterior corpus callosum.
Correlations were sought between DTI microstructural parameters
and Sensory Proﬁle scores across both groups of subjects, which as-
sumes that every subject lies on a continuum regardless of group
membership. After correction for multiple comparisons, signiﬁcant
correlations were found in predominantly posterior white matter
tracts, with little overlap between the two groups along the regres-
sion lines. It is not surprising that there is little overlap between the
SPD and TDC groups for the auditory and multisensory scores
(Figs. 3–4, Table 1), since those scores were used to diagnose SPD.
The interesting discovery is that DTI microstructural parametersFig. 2. A–C demonstrates reduced FA in SPD in the posterior body of the corpus callosum and
ﬁbers of the posterior body and splenium, bilateral PTR, including the optic radiations, right P
PTR, including the optic radiations, left ATR, and left forceps minor. The color scheme denot
convention (left hemisphere on right side of image).closely correlate with these Sensory Proﬁle scores in those central
white matter pathways known to be involved in primary sensory in-
formation transmission, such as the PTR, and in connectivity between
cortical regions subserving unimodal and multimodal sensory pro-
cessing, such as the posterior corpus callosum. Therefore, DTI metrics
in those tracts also separate the two groups effectively. The extent of
variation of DTI metrics and Sensory Proﬁle scores in the two groups
also supports the hypothesis that sensory processing is a spectrum
disorder, with a range of performance across both TDC and SPD
groups.
Given the strong co-linearity among the ﬁve measures of the Sensory
Proﬁle (Fig. 1), associations between themicrostructure of central senso-
ry tracts and parental sensory ratingswere notmodality-speciﬁc. Instead,
cross-modality correlations were often found, such as between FA of the
optic radiations and auditory score. Correlations of FA andRDwith the in-
attention scorenot only showed signiﬁcant clusters similar to those of au-
ditory and MSI scores, such as the bilateral PTR and the posterior corpusbilateral PTR. D–F demonstrates increased MD in the SPD patients in the lateral callosal
CR, and right SLF. G–I shows increased RD in the posterior body and splenium, bilateral
es TDC N SPD in blue and SPD N TDC in red and all images are presented in radiological
849J.P. Owen et al. / NeuroImage: Clinical 2 (2013) 844–853callosum, but also showed involvement of some frontal tracts, greater on
the left than right. This likely reﬂects prefrontal contributions to atten-
tional function that are not present with primary sensory processing.
4.3. Limitations and future directions
This exploratory investigation of whitemattermicrostructure in SPD
is limited by small sample size and needs to be replicated in larger co-
horts. To increase the homogeneity of these groups of SPD and TDC sub-
jects, the study was restricted to boys, aged 8–11 years, with normal IQ.
Therefore, further research is needed to determinewhether theﬁndingsFig. 3. Correlation of FA with auditory sensory score: The left column displays the clusters e
displays the plot of mean FA in each cluster versus the mean-centered auditory score for the
are provided for each cluster along with the best-ﬁt linear trend line. Three clusters were us
callosum (C).generalize to other ages, both genders and the full spectrum of intellec-
tual ability. Another limitation is that assessments of sensory processing,
MSI and inattention were based on the Sensory Proﬁle, a parent ques-
tionnaire with measures that show strong co-linearity (Fig. 1). This
can be addressed in future studies that incorporate objective tests of
sensory processing that may be more speciﬁc to each sensory modality.
Correlations of white matter microstructure with tactile and visual pro-
cessing were weaker than with auditory processing (Figs. 3, 6) and did
not survive whole-brain multiple comparisons correction in this small
cohort. This may be because all 16 SPD boys showed deﬁnite differences
in the auditory domain, but only 12 showed deﬁnite differences on thextracted from the statistical image for the correlation (p b 0.05) and the right column
TDC (red) and SPD (blue) groups. The correlation coefﬁcient and corresponding p-value
ed, one in right PTR (A), one in left PTR (B), and one in the posterior body of the corpus
850 J.P. Owen et al. / NeuroImage: Clinical 2 (2013) 844–853total score across all domains. Future research can employ hypothesis-
driven approaches such as ﬁber tractography to establish structure–
function relationships between speciﬁc axonal pathways and sensory
processing. Diffusion-based structural connectivity can also be com-
bined with fMRI or MEG functional connectivity to provide multimodal
imaging biomarkers for diagnosis, outcome prediction and monitoring
interventions such as sensory processing and MSI training strategies.
Using imaging and behavioral testing, we hope to move toward a
more individualized model for understanding and treating children
with sensory processing differences.
4.4. Summary and conclusion
Although sensory processing differences are well known to occur
in association with other clinical conditions such as autism, there
are individuals with behavioral sensory processing differences who
do not meet the criteria for other known disorders. This study is the
ﬁrst to show that children affected with isolated sensory processingFig. 4. Correlation of FA and RD with multisensory score: The left column displays the cluster
displays the plot of mean FA in each cluster versus the mean-centered multisensory score f
p-value are provided for each cluster along with the best-ﬁt linear trend line. Three clusters
and splenium of the corpus callosum (A), right PCR/SLF (C) and left SLF (E) and for RD, there wa
is displayed in red if the multisensory score is positively correlated with the DTI parameter andisorders have quantiﬁable differences in their brain structure. De-
spite likely etiologic heterogeneity and a small sample size, children
with SPD show speciﬁc reduction in the white matter microstructure
primarily affecting posterior cerebral tracts. Additionally, the reduced
posterior white matter microstructural integrity in children with SPD
correlates directly with the atypical sensory behavior. From a clinical
perspective, these ﬁndings suggest that children with SPD have a spe-
ciﬁc imaging biomarker for their clinical disorder and the pattern of
their shared structural difference (i.e. posterior decrease in white
matter microstructural integrity) suggests that this disorder may be
distinct from other overlapping clinical diagnoses, speciﬁcally atten-
tion deﬁcit hyperactivity disorder and autism. This imaging biomark-
er not only presents an ideal diagnostic tool to be used in conjunction
with other parent report and direct behavioral measures, but also in-
forms treatments based on cognitive rehabilitation of the unimodal
and multimodal sensory processing skills, such as directed occupa-
tional therapy, targeted computer training, and potentially brain
stimulation.s extracted from the statistical image for the correlation (p b 0.05) and the right column
or the TDC (red) and SPD (blue) groups. The correlation coefﬁcient and corresponding
were used for both FA and RD. For FA, there was a cluster located in the posterior body
s a cluster located in left optic radiation (B), the right PCR (D), and left SLF (F). Each cluster
d in blue if it is negatively correlated with the DTI parameter.
Fig. 5. Correlation of FA and RD with inattention score: The left column displays the clusters extracted from the statistical image for the correlation (p b 0.05) and the right column
displays the plot of mean FA in each cluster versus the mean-centered inattention score for the TDC (red) and SPD (blue) groups. The correlation coefﬁcient and corresponding
p-value are provided for each cluster along with the best-ﬁt linear trend line. The clusters used for FA were located in right PCR (A), the posterior body and splenium of the corpus
callosum (C), left anterior corona radiata and ATR (E), and an extensive cluster encompassing left PTR and SLF (G). For RD, three clusters were used in bilateral PTR/PCR (B, F) and
the left SLF (D). Each cluster is displayed in red if the inattention score is positively correlated with the DTI parameter and in blue if it is negatively correlated with the DTI
parameter.
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Fig. 6. Correlation of FA with tactile and visual sensory scores: The left column displays the clusters extracted from the statistical image for the correlation (p b 0.05) and the right
column displays the plot of mean FA in each cluster versus the mean-centered visual and tactile scores for the TDC (red) and SPD (blue) groups. The correlation coefﬁcient and
corresponding p-value are provided for each cluster along with the best-ﬁt linear trend line. The three clusters, one in right PTR (top row), one in left PTR (middle row), and
one in the posterior body of the corpus callosum (bottom row) are identical to those in Fig. 3.
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